The objective of this study was to generate hydrographs using design storms and real rain data recorded over a 30 y time period. In the first step rainfall characteristics were investigated using Intensity-Duration-Frequency (IDF) relationships. IDF curves were developed, called UM IDF curves, and when compared to the official Hamilton IDF curves showed a striking similarity for events with low return periods, and some variation for 50 and 100 y return periods. From the UM IDF curves three new design storms (SCS type 2, AES Canadian and Chicago Storm), referred to as UM Design Storms, were developed for comparison with the Hamilton design storms. The differences in intensity-duration of the less frequent storms (observed in the IDF comparison) were also reflected in the design storm volume and peak discharge. All the different design distributions, for a wide range of return periods, were entered into the rainfall-runoff model, PCSWMM, for event simulation of design storms. PCSWMM was also run for continuous simulation of the coarse observed data. Keeping the geomorphic conditions and loss parameters constant, differences were quantified in terms of computed flow and storage capacities for two design applications. The designs derived from the coarse observed data were considered to be optimal and used to decide suitability or otherwise of the designs based on other synthetic distribution patterns, and it was found that almost all the
application designs obtained from design storm hyetographs were overdesigned. In other words, for every return period, the flow capacity and detention storage required to accommodate the design storm hydrographs was greater than what would be required if the same applications were designed for historic storms in continuous simulation. Given the coarse continuous data these results are to be expected, and should be reexamined when continuous at a fine time step become available.
Evidently design storms generate a hydrograph with greater volume and a higher peak, requiring more detention storage, greater flow capacity and larger pipe sizes, than using coarse continuous simulation. It is still not yet clear whether structures based on design storms are over-sized and costlier than necessary.
The study showed that SCS type 2 and the AES Canadian design storms yield flow and storage capacities relatively closer to the coarse continuous data while the Chicago design storms produce over-sized flow and storage capacities. The latter may be deemed to not provide representative rainfall distributions for Southern Ontario.
Introduction
Design storms are widely accepted by hydrological engineers as input for drainage and runoff studies. The average intensity of design storms is usually computed using the total rainfall volume obtained from local IDF curves for specified storm durations. Temporal distributions of design storms are provided by established mass curves. Several methods, using different mass-curve templates, are available for developing design storms; however the temporal distribution of these storms may be quite unlike many of the rainstorms observed at a specific catchment. This chapter compares and evaluates results obtained from different methods of synthesizing a design storm and compares the resulting designs of stormwater system elements with elements designed using a coarse continuous time series. Finally a methodology for evaluating the reliability of the designs generated by the various design storms is suggested.
Continuous simulation in hydrologic design has also attracted some interest. The biggest barrier to the continuous, period-of-record approach is the absence of long rainfall records of appropriate temporal resolution. CDRoms from Earth Info contain hourly data dating back to 1950s but no such long-term record exists for shorter time steps. Thus for this study the writers used a 30 y rainfall record of 1 h resolution to produce IDF curves, and from the derived IDF curves, three different types of storms: SCS Type 2 (24 h) distribution (for Ontario), AES Canadian (1 h) Design Storm (for Southern Ontario conditions) and the IDF curve-based Chicago (3 h) Synthetic Storm were derived for a range of return periods: 2, 5, 10, 25, 50 and 100 y. The scope of the exercise was to (i.) use the design storm procedures and the coarse rainfall record to design a stormwater collection system and finally (ii.) compare the resulting designs for:
1. flow capacity, and 2. storage capacity, For an engineered drainage structure to perform appropriately and to prevent failure, determining a correct or a reasonable design flow is critically important. Design flow is based on a recurrence frequency that depends on the type and value of the structure. The three design storms above were used to design flow capacity and the results compared to the design capacity determined using the coarse rain record.
BMPs for flood control aim to control peak discharge, by providing sufficient storage. Storage facilities are typically ponds. The RAINFALL, RUNOFF, and TRANSPORT Modules of PCSWMM were used to compute flow and storage capacities for the design and continuous hyetographs.
Failure of design in the scope of this study has the following meaning. A properly designed project should pass the design runoff at full capacity. If the design runoff is exceeded, the structure is said to fail. Failure does not necessarily mean physical collapse of the structure; not functioning as intended is considered failure. A factor of safety is introduced to rate the design. The two applications were sized using the three design storms for the six return periods and also using the coarse, long-term rainfall, and the 42 results compared by to the devised factor of safety. Conclusions were drawn regarding the quality of design produced by the three design storm methods.
Intensity -Duration -Frequency Curves
For IDF analysis, annual maximum rainfall intensities of 5, 10, 15, 30 min, 1, 2, 3, 6 and 12 h durations were extracted from the 30-y rain record for the city of Hamilton. The Weibull plotting position was used in the frequency analysis and to estimate the probability of exceedance for maximum rainfall depth of each year and for each duration. A log-normal distribution was then fitted to the curves. An average coefficient of determination of 0.923 was obtained, which indicates a good log normal distribution fit. Using the parameter values from each curve, the average intensity depths for the given return periods were computed. Table 16 .1 shows the computed average rain intensities for various durations and return periods. The City of Hamilton IDF curves are based on IDF curve fitting parameters A, B and C, obtained from the city of Hamilton. The Hamilton and the UM IDF curves based on the Weibull plotting position and the Lognormal distribution formula were compared graphically. Plots for the 2, 5, 10, and 25 y return periods show a close similarity while some variation is seen in the 50 y and 100 y events. Small differences were also observed in the 5-minute duration events for all return periods, the Hamilton curves being lower than the UM IDF curves. These observations indicate problems in accuracy associated with longer return periods. There are various estimations for those events and no rainfall data exists to confirm and establish the intensities. Note that the City of Hamilton relationships were developed using the Gumbel method of moments, while the UM rainfall intensities were obtained using the Weibull plotting position and Log normal distribution. A typical comparison of the UM and the Hamilton IDF curves is shown in Figure 16 .1. 
Design Storms
The purpose of design storms is to provide a design basis for various hydraulic structures, for instance pipes and detention basins (Hall, 1984) . Design storms are coupled with a return interval and it is assumed that the flow hydrograph generated by the design storm has the same return frequency as the storm hyetograph. Being easy to use, design storms have found extensive use in the design of hydraulic structures. The method of constructing a design storm does not require an extensive rainfall record. It is instead linked to IDF curves. For any specified duration, the corresponding rainfall intensity is obtained from the IDF curves of the desired return period. The rainfall depth is then distributed over the duration of the storm in a pattern specified by the synthetic storm design procedure. Care needs to be taken that the "best" design storm is chosen and used properly within the range of its applicability (Marsalek and Watt 1984) . In this study the SCS type 2 distribution was selected for its relevance to Ontario precipitation patterns, and for AES Canadian design storms the distribution typical for southern Ontario was selected. The AES synthetic distribution is based on regional average values of time-to-peak-intensity, peak/total depth, and rainfall amount prior to peak (Hogg 1982) . The Chicago 3 h storm is based on the assumption that for a particular return period, the design storm should contain all maxima corresponding to various durations (Watt et al, 1989) . The Chicago distribution is obtained directly from the IDF curves and in spite of lack of evidence of its suitability to Canadian conditions, is frequently used in hydrological analysis. The distribution was included in this exercise to assess how it compares with the SCS type 2 and AES Canadian design storms. Two sets of design storms were developed for the whole range of return periods (2, 5 10, 25, 50 and 100 y): (i.) the UM design storms, linked to UM IDF curves, and (ii.) the Hamilton design storms, linked to the city of Hamilton official IDF curves.
The Chicago Design Storm is based on the IDF relation:
where A, B and C are curve fitting parameters.
The storm duration assumed for the Chicago Design Storm is 180 minutes and the time to peak is taken to be r = 0.4. The intensities before the peak are given by:
and intensities after the peak are given by: 
Application of PCSWMM
Hydrologic models provide a quantitative estimate of stormwater runoff and stormwater management facilities. PCSWMM was used to compute response to SCS type 2 (24 h), AES Canadian (1 h) and Chicago (3 h) synthetic design storms for the range of return periods. For each design storm and for each return interval, two sets of design storms were developed from the rainfall record. The UM storms represent the storms designed by the writers while the Hamilton storms are those that have been constructed based on the rainfall analysis obtained from the city of Hamilton. The RAIN, RUNOFF and TRANSPORT Modules of PCSWMM were used for hydrologic modeling. The RAIN Module reads the rainfall inputs. The data was provided as design storm distribution patterns and the long time-series of precipitation records. The former was entered using Environment Canada's Atmospheric Environment Services precipitation format, and the latter in the usergenerated precipitation time series for a continuous simulation. The 30 y observed rainfall record, in Figure 16 .3, was simulated in the continuous model by creating a User-Defined rainfall input format. The overland flows generated by the RUNOFF module were subsequently entered into the TRANSPORT Module for flow routing. (James et al., 2003) Sizes, shapes, characteristics and properties of the elements and subcatchments are detailed in Tables 16.2 and 16 .3. Since the objective of the exercise was a simple comparison of the hypothetical runoff generated by design storms and a long-term observed rainfall, the element characteristics were chosen arbitrarily.
Set NDESIGN = 1 in TRANSPORT for auto-design of flow capacity. The STATISTICS module of PCSWMM was used to perform a simple statistical analysis on the quantity parameters. The data for the statistical module is read from the interface file of the TRANSPORT module. The output file includes a table of sequential series of events with the date and time of occurrence of each event, total rainfall and flow for each event and the inter-event period. The output file also includes a rank order table of the magnitude, return period, frequency and date of the thirty most extreme events. The events representing the selected return periods were chosen for analysis. The hydrographs of these storm events were then routed using the TRANSPORT module to obtain the minimum pipe size required to contain the maximum generated flow. Results are given in Table 16 .5. Table 16 .6 provides a comparison of the pipe sizes obtained from the above procedure. Figure 16 .4 compares the sizes graphically. Figure 16 .5 compare the maximum flows generated by different storms and by the long-term rain record. To examine the response from bigger catchments, the area of each of the three subcatchments was increased to 1 km 2 (100 ha) with a width of 500 m and a slope of 1% each. Conduit lengths were assumed to be 1000 m each and were all assumed to be at 1% slope. As shown in Figures 16.6 and 16.7 and Tables 16.8 and 16.9, it was found that the response of the larger subcatchments was the same as for the smaller catchments. Evidently for subcatchments up to 1 km 2 , the significant differences in designs should not be attributed primarily to catchment area. 
Comparing Design Pipe Sizes

Comparing Design Flows through Conduit 30
Design Detention Storage
The Storage utility in the TRANSPORT module was used to compute detention storage required at the outfall to limit discharge to a maximum of 2 m 3 /s at all times. The highest 30 events were selected for flow capacity analysis and were also used to determine the storage capacity required to accommodate the runoff generated by long-term rainfall record. Using the same procedure as for the design storms, the discharge at the outfall was limited to 2m 3 /s constantly. The required storage capacities are given in Tables 16.10 
Conclusions and Recommendations
Differences in the computed hydrograph peaks and volumes as quantified by design flow and storage capacities is here attributed to variations in the design input hyetographs, and to no other extraneous model factors. Overlooking for the moment the fact that the continuous rain record at hourly time-steps is too coarse for a final conclusion to be drawn, the design capacities determined for the long-term record are now considered to be the "best" standard to decide the suitability or otherwise of the designs based on the synthetic distribution patterns. It is then found that almost all the capacities obtained from design storm hyetographs were over-designed. For return periods from 2 y to 10 y the flow capacity and detention storage required to accommodate the design storm hydrographs is greater than those that would be required if the same applications were designed using a historic rain record and continuous simulation. Sizing for the 25 y return period input design storms are much closer to the design based on the coarse long-term rain record. To compare the 2 y to 10 y return period designs, a safety factor F may be defined: Also the SCS type 2 and the AES Canadian design storms give flows and storage capacities relatively closer to the long-term coarse rain data while the Chicago Design storms produce over-sized flow and storage capacities, perhaps indicating that the latter do not represent typical rainfall distributions for Southern Ontario. 16.14, 16.15 and 16.16 show how the design storm designs compare to the design obtained from long-term observed rain data.
The study should be repeated using a long-term rain record of fine time resolution. Selection of design storm duration warrants attention and depends on the objectives of the storm synthesis. Short duration storms are appropriate for conveyance structures that are sized for peak runoff while long duration storms are a better choice for designing stormwater detention facilities as they generate greater runoff volumes. Use of long-term observed rain data would, however, be the most accurate. It is therefore recommended that long-term observed rain records be used in hydrologic practice.
